In earlier papers, an action with unconventional supersymmetry was found to reproduce standard physics at low energy, but to predict interesting new phenomena near 1 TeV and above. In the present paper, it is shown that this action results from a remarkably simple picture: a single fundamental system consisting of identical "bits" which vary randomly over all possible states. One finds that this picture leads first to a bosonic action with a randomly fluctuating potential, and then to a supersymmetric action with exactly the same form that was postulated earlier. Several new predictions are also given here (for the simplest version of the present theory): (1) The only superpartners are scalar bosons, which may be observable at accelerators in the near future. (2) The cold dark matter consists of spin-zero WIMPs. (3) The Higgs boson has an R-parity of -1, so it can only be produced as one member of a pair of superpartners. (This last prediction is associated with a reinterpretation of Yukawa couplings.) Finally, after some appropriate extensions of field theory, it is shown that the vacuum energy vanishes before supersymmetry is broken by condensation of a GUT-scale Higgs field.
Introduction
In earlier papers [1] [2] [3] [4] , the following Euclidean action was postulated:
This action has "natural supersymmetry", in the sense that the initial bosonic fields z b and fermionic fields z f are treated in exactly the same way. The only difference is that the z b are ordinary complex numbers whereas the z f are anticommuting Grassmann numbers. It was demonstrated in Ref.
1 that standard physics emerges from (1.1) at energies that are far below the Planck scale, provided that specific kinds of instantons are included in the theory. For example, one obtains an SO(10) grand-unified theory, containing both the standard model and a natural mechanism for small neutrino masses [5] [6] [7] [8] [9] .
In Sections 4-6 of the present paper, we will consider some further implications and predictions of (1.1). Let us begin, however, with the question of how this phenomenological action might arise from a still deeper picture.
Origin of Natural Supersymmetry
Suppose that the truly fundamental fields of nature are purely bosonic, but that they can be divided into two classes: a set of fields Ψ b which can be directly observed, and a set Ψ b which can be inferred only indirectly through their effect on the Ψ b . To be specific, the Ψ b are assumed to randomly perturb the Ψ b in the same way that molecules randomly perturb small particles and produce Brownian motion. These interactions are then assumed to result in an effective action of the form
where µ is a constant and V is a Gaussian random variable satisfying
2)
The average value of a physical quantity F is given by
where − − − represents an average over the perturbing potential V . The presence of the denominator makes it difficult to perform this average, but there is a trick for removing the bosonic degrees of freedom Ψ ′ b in the denominator and replacing them with fermionic degrees of freedom Ψ f in the numerator [10] [11] [12] : Since
where A represents the operator of (2.1), it follows that
where Ψ b and Ψ f have been combined into Ψ as in (1.2), and
For a Gaussian random variable v whose mean is zero, the result
implies that
with S given by (1.1). A special case is
To make the expression for F independent of how the measure is defined in the path integral, we can rewrite (2.12) as
To summarize this section, the supersymmetric action (1.1) follows from the purely bosonic action (2.1), if it is assumed that the observable bosonic fields are randomly perturbed by unobservable fields Ψ b .
Notice that the fermionic variables Ψ f represent true degrees of freedom, and that they originate from the bosonic variables Ψ 
Statistical Origin of the Bosonic Action
The bosonic action (2.1) still has a phenomenological form. Let us now turn to a microscopic statistical picture which leads to this form. The starting point is a fundamental system which consists of N "bits". Each bit can exist in any of M states, with the number of bits in the ith state represented by n i . A microstate of the fundamental system is determined by specifying the state of each bit, together with a set of global parameters x M which are interpreted as coordinates in Euclidean spacetime. A macrostate is determined by specifying only the occupancies n i of the states, together with the parameters x M . For concreteness, suppose that the available points in spacetime are discrete, and lie on a cubic mesh with spacing a. The density of bits in the ith state is then
where the real bosonic field φ i is defined only up to a phase factor ±1.
The entropy associated with a single point x is given by
(in units with k B =h = c = 1), where W (x) is the number of microstates available in a given macrostate:
For n i (x) ≫ 1, Stirling's approximation is valid:
The total number of available microstates for all points x is W = Π x W (x), so the total entropy is
A physical configuration of all the fields φ i corresponds to a specification of all the densities ρ i (x). In the present picture, the probability of such a configuration is proportional to W = e S . In the Euclidean path integral, the probability is proportional to e −S , where S is the Euclidean action. We conclude that
As in the preceding section, it will be assumed that only some of the fields φ i are directly observable. Let us expand S about a point where these fields are relatively small, so that N and S are dominantly due to the remaining fields which are not directly observable:
where A = a D log N and B = a D . If the densities are perturbed by ∆ρ i (x), therefore, the change in the action to second order is given by
In the foregoing, the points x can be regarded as the centers of cubic cells. Let us now, however, shift our attention to another set of points -namely, the vertices at which 2 D cells intersect. Since the number of vertices is equal to the number of cells (and the two sets of points differ only by a shift of a/2 in each direction), this is clearly an equivalent choice. Let us define the value of S at a vertex to be the average over all the surrounding cells: with
where x now represents the centers of surrounding cells. We have, to lowest order,
where ∆x M = ±a/2. Because of the cubic symmetry, the terms that are odd in ∆x M will cancel, leaving
, we obtain the remarkable simplification
Then (3.16) can be written, to lowest order in ∆ (φ 2 i ),
or, if the constant of (3.7) is chosen so that S = 0 when the φ i and their derivatives are zero,
The philosophy behind the above treatment is simple: In (3.13), for points in a very small region, we essentially have the average values of f and f 2 , where f = ∆ρ i (x). We wish to replace these by the average values of f and (∂f /∂x) 2 , which are essentially the same as f and (∆f ) 2 (where ∆f now represents a variation of f with position). This is possible
The form of (3.19) also has a simple interpretation: The entropy S = −S increases with the number of bits, but decreases when the bits are not uniformly distributed over the points x.
Let N = N 0 + ∆N . As the number of bits in unobserved states varies randomly, so does
We can then write
where
and V is a Gaussian random variable whose mean is zero. The total action in the continuum approximation is obtained by summing over all vertices and letting Σ vertices a
Here Φ is the vector with components Φ i . If we assume that the number of these observable real fields is even, we can group them in pairs to form complex fields Ψ b,i . One motivation for doing so is that one needs complex fields to have well-defined values for physical quantities like momentum and energy. Then we finally have
which is exactly the same as (2.1). It is remarkable that this extremely simple statistical picture leads to the bosonic action (3.24), and thus to the supersymmetric action (1.1).
Four-Dimensional Action and Scalar Superpartners
In this section it will be necessary to cite many equations from Ref. 1, which will be distinguished with the prefix I. Let us begin with I(5.14), the nonlinear equation of motion for the internal order parameter Ψ B :
Although Ψ B depends primarily on the d = D − 4 internal coordinates x m , it also has a slow parametric dependence on the 4 external coordinates
Just as I(3.7) leads to I(3.20), (4.1) leads to the internal Bernoulli equation
The internal space is assumed to contain an instanton with the symmetry of a (d − 1)-sphere:
Then (4.2) can be rewritten as
where ρ = r/ξ B and f = n
It is easy to show that (4.9) holds for a minimal vortex in two dimensions or a minimal SU(2) instanton in four dimensions. The internal basis functions Ψ 
where ψ 
After (4.6) and (4.7) are used, the asymptotic solutions are found to be
One then expects that χ 2 ∼ ξ −d in an average sense, where ξ = (2mµ) −1/2 is the coherence length, so that
With these results, let us now turn to the interactions I(2.14) involving fermions and fundamental scalar bosons: 
Suppose that we ignore the scalar bosons corresponding to direct excitations of the order parameter, which presumably are GUT-scale Higgs bosons having masses comparable to m GU T ∼ 10 −2 m P (where m P is the Planck mass of I(2.8)). This means that the r = 1 term is neglected in (4.13), so that Ψ † s Φ b = 0 and
(4.29)
We then have
where ψ and φ are respectively the vectors with components ψ r and 
It follows that the four-fermion, dimension-six contribution of (4.32) can ordinarily be neglected, and that the same is true of the first term in (4.31). Also, the terms involving the order parameter φ 0 are implicitly included in the treatment below, which is based on I(8.32) and I(6.4). The only remaining interaction term is
In the present paper, a factor U = U A U B is included in the definitions (4.12) and (4.13) for both the fermionic fields ψ and bosonic fields φ. 
corresponds to an SO(10) grand-unified theory and
is the "superfield velocity" for the GUT Higgs field φ 0 (or Ψ s ) which condenses in the very early universe. These ideas are discussed further in Refs. 1-4, where
is interpreted as the contravariant vierbein: in regions of spacetime where the local, inhomogeneous gravitational field is weak. It follows that
As in Ref. 1, "conj" represents a term which has the form of the Hermitian conjugate, but it is understood that φ and φ † vary independently in the path integral, as do ψ and ψ † . Then (4.39) becomes
With the scaling φ ′ = λφ, this can be written Let Φ = (2m) 1/2 φ be the vector with components Φ r . Then (4.50) can also be written 
in the corresponding Lagrangian density for fermions. (Alternatively, one can obtain (4.53) directly from I(2.13) and I(2.14), if the approximations below I(4.1), I(4.4), and I(6.7) are not made. Then the symmetry between fermions and fundamental bosons leads back to (4.52) and (4.50).) With the scaling ψ ′ = λ 2 ψ, this becomes
As in other grand-unified theories, the initial fermion fields ψ r all have the same chirality. (In the cosmological model described by (4.47), they are all right-handed.) One then obtains fields of the opposite chirality by charge conjugation. For the present SO(10) theory, the result is 8 left-handed and 8 right-handed two-component spinors (per generation), with the Lagrangian
where σ 0 = σ 0 , σ k = −σ k , and the four-fermion interaction of (4.53) has been neglected. Because of the symmetry between fermions and bosons, (4.51) can be rewritten in the same form as (4.55), with ψ R , ψ L → m 1/2 φ R , m 1/2 φ L and the four-boson interaction retained. Like their fermionic partners, φ R and φ L each consist of 8 two-component complex fields. There are important differences, however: The bosonic fields consist of ordinary numbers, rather than anticommuting Grassmann numbers, and they transform as scalars rather than spinors.
L b does not contain mass terms, and L f does not contain Yukawa interactions, so it is necessary to assume that these contributions come from radiative corrections involving gauge interactions together with the four-particle interactions of (4.22)-(4.24) (after Fierz rearrangements). For concreteness, let us focus on just the electroweak Higgs doublet φ h , the left-handed lepton doublet ψ ℓ , and the right-handed electron singlet ψ e , so that
If a negative mass term is added, (4.51) gives
and if a Yukawa coupling is added (4.55) gives
In the present theory, however, the effective Yukawa coupling must have the form
where λ 0 is dimensionless and φ †
There are several reasons for this: (i) The fundamental Lagrangian does not contain any three-particle interactions involving scalar bosons. Instead it contains only four-particle interactions of the form (4.22)-(4.24). (ii) In the present theory, each component of the doublet φ h consists of two complex fields rather than one. It is therefore necessary to contract φ h with another scalar field in forming the Lagrangian. (iii) Fundamental bosons have the same coupling to gauge fields as fermions, and the same quantum numbers (for example, lepton number). This implies that φ h must be contracted with another scalar field which has compensating quantum numbers.
In the simplest version of the present theory, φ h is the superpartner of ψ c ℓ . Then φ h has a lepton number of -1, and an R-parity of -1:
where B, L, and s are the baryon number, lepton number, and spin. Similarly, all fundamental scalar bosons have an R-parity of -1, and are true superpartners of the fermions. Since these are the only superpartners (in the simplest version of the theory), the most natural candidate for cold dark matter is then a scalar boson which couples only through the weak interaction. This prediction should be testable in spin-dependent dark matter searches. In a weak gravitational field and a locally inertial coordinate system, the Lagrangian (4.55) yields the equation of motion
where η µν is the Minkowskian metric tensor, m f = λ 0 φ † GU T φ h /M, and ψ R and ψ L are now the right-and left-handed fields for the electron. For energies that are small compared to m, the first term can be neglected in each expression, and we obtain the Dirac equation. Within the context of this section, deviations from standard physics are predicted only for (i) fermions at extremely high energy and (ii) fundamental bosons which have not yet been observed.
Canonical Quantization and Vacuum Energy
The preceding sections were implicitly based on the path-integral approach to quantization, with commuting and anticommuting classical fields φ ′ r and ψ ′ r . In this section, let us switch to the canonical approach, and determine whether the present theory permits consistent extensions of standard field theory [13, 14] . (This is not a trivial issue because the Lagrangian (1.1) is quite unconventional and is not Lorentz invariant.) Let us also change notation by letting φ and ψ represent 2-component, complex, massless bosonic and fermionic fields with Lagrangians of the form (4.51) and (4.54). In a locally inertial coordinate system, and with interactions neglected, (4.51) gives
where · φ= ∂ 0 φ. The canonical momenta are (in a slightly unconventional notation)
and the Hamiltonian density is
From (5.1) we obtain the equation of motion
Let φ n be a solution to this equation, and let φ † n be a solution to the equation that one similarly obtains for φ † . (Since φ and φ † vary independently, φ † n is not necessarily the Hermitian conjugate of φ n .) Then we can write
For each 3-momentum − → p , there are four solutions to (5.7): Before the initial supersymmetry of the present theory is broken (by condensation of a GUTscale Higgs field), there is thus a cancellation of the bosonic and fermionic contributions to the vacuum energy, just as in standard supersymmetry [15, 16] . The gravitational effects of the vacuum energy require a more extensive discussion, which will be given elsewhere, together with an argument that the present theory contains a mechanism for a small but nonzero cosmological constant [17] .
Conclusion
In Sections 2 and 3, it was shown that the action (1.1) results from a remarkably simple picture: a single fundamental system which consists of "bits" varying randomly over all possible states.
Some implications of (1.1) have already been discussed in Refs. 1-4. In Section 4 of the present paper, a number of points were clarified and considered in more detail. In addition, it was found that the simplest form of the present theory leads to several new predictions: (1) The only superpartners are scalar bosons, which may be observable at accelerators in the near future. (2) It follows that the natural candidate for cold dark matter is a spin-zero WIMP. (3) It also follows that the Higgs boson has an R-parity of -1. This means that the Higgs cannot be produced individually, but only as one member of a pair of superpartners.
Finally, in Section 5, it was shown that a consistent field theory can be formulated for the unconventional Lagrangian (5.1) and its fermionic counterpart, and that the vacuum energy is zero before supersymmetry is broken.
